Glutathione is a tripeptide and antioxidant, synthesized at high levels by cells during the production of reactive oxygen and nitrogen intermediates. Glutathione also serves as a carrier molecule for nitric oxide in the form of S-nitrosoglutathione. Previous studies from this laboratory have shown that glutathione and Snitrosoglutathione are directly toxic to mycobacteria. Glutathione is not transported into the cells as a tripeptide. Extracellular glutathione is converted to a dipeptide due to the action of transpeptidase, and the dipeptide is then transported into the bacterial cells. The processing of glutathione and S-nitrosoglutathione is brought about by the action of the enzyme ␥-glutamyl transpeptidase. The function of ␥-glutamyl transpeptidase is to cleave glutathione and S-nitrosoglutathione to the dipeptide (Cys-Gly), which is then transported into the bacterium by the multicomponent ABC transporter dipeptide permease. We have created a mutant strain of Mycobacterium tuberculosis lacking this metabolic enzyme. We investigated the sensitivity of this strain to glutathione and S-nitrosoglutathione compared to that of the wild-type bacteria. In addition, we examined the role of glutathione and/or S-nitrosoglutathione in controlling the growth of intracellular M. tuberculosis inside mouse macrophages.
due to the bactericidal effects of NO released from the GSNO complex. The mechanism of action of antimycobacterial activity of GSH is uncertain. Since mycobacteria do not synthesize GSH, we predict that the exposure of mycobacteria to high concentrations of GSH may create a redox imbalance leading to growth inhibition.
The mechanisms of processing and transport of GSH/ GSNO have been successfully worked out in Salmonella enterica serovar Typhimurium, where GSNO is first processed by the action of the ␥-glutamyl transpeptidase (GgtA) enzyme into a dipeptide [Cys(NO)-Gly] and glutamate, after which Cys(NO)-Gly enters the bacterium via dipeptide permease (12, 18) . In this study, we have demonstrated that the ␥-glutamyl transpeptidase mutant of M. tuberculosis (the GGTA mutant) is resistant to the toxic effects of GSH/GSNO and shows increased survival inside macrophages compared to the wild-type strain.
MATERIALS AND METHODS

Sensitivity of M. tuberculosis H37Rv to GSH and GSNO. M. tuberculosis
H37Rv was grown to mid-log phase in 7H9 medium containing albumin dextrose complex (ADC) and Tween and then diluted to an optical density (OD) of approximately 0.1. The bacterial suspension was then treated with 5 mM GSH (Sigma) or 5 mM GSNO (Sigma) or left untreated. The optical density was measured everyday for 5 days. Each day, an aliquot was taken from every sample, diluted to 100-fold, and plated on 7H11 plates containing ADC to determine the number of CFU. All experiments were performed three times in triplicate.
Maintenance of J774.1 cell line. The J774.1 cell line was maintained in Dulbecco modified Eagle medium (DMEM; Sigma) containing 10% fetal bovine serum (FBS; Sigma), 2 mM glutamine, and essential amino acids (Gibco BRL).
Construction of mutants. The ggtA mutant was constructed by means of an allelic exchange via mycobacteriophage delivery (2, 3, 6) . Briefly, the N and C termini of the ggtA gene were amplified using the following primers: N-forward, 5Ј-AGCTATGGTACCGGACGGAGGCAGCAGCTA-3Ј; N-reverse, 5Ј-AGC TATTCTAGAACCGTCACGGAGTTCCAG-3Ј; C-forward, 5Ј-AGCTATCTC GAGACACCATCCACCAGATACCG-3Ј; and C-reverse, 5Ј-AGCTATACT AGTCTCCCGAACTGGCTGTAGTC-3Ј.
The N and C fragments were cloned into pYUB854 (kindly provided by W. Jacobs) via two multiple cloning sites separated by a hygromycin resistance cassette. The cosmid and self-ligated mycobacteriophage DNA were then linearized with PacI. The cosmid was subsequently ligated into the phage DNA, and the ligation mix was packaged into -phage heads using -packaging extracts from Stratagene, followed by transduction using Escherichia coli HB101. Phasmid DNA was isolated from hygromycin-resistant clones and electroporated into Mycobacterium smegmatis mc 2 155. Electroporated cells were mixed with top agar and poured onto 7H11 plates and incubated at 30°C. A single plaque was chosen to confirm the mycobacteriophage temperature-sensitive phenotype and to produce a high-titer lysate (10 10 to 10 11 PFU/ml). H37Rv was then infected with the mycobacteriophage carrying the allelic exchange construct at a multiplicity of infection (MOI) of 10 at 37°C. The phage cell mix was incubated in a heating block for 4 to 6 h at 39°C. The mix was then centrifuged for 10 min at 10,000 rpm and resuspended in 2 ml 7H9. Cells (0.2 ml) were plated on 7H11 plates supplemented with hygromycin (75 g/ml). After 3 weeks, colonies were picked and inoculated into 5 ml 7H9 and allowed to grow at 37°C. Genomic DNA was isolated, and confirmation of the mutants was done via PCR. Primers were designed such that the oligonucleotides were outside of the region cloned in pYUB854 for allelic exchange: F1, 5Ј-CCGGGAAGATGACCAACTG-3Ј; R1, 5Ј-TCAGGAACACCTTCTTCACG-3Ј; F2, 5Ј-CATGGGAAGCTTCGTGGAT-3Ј; and R2, 5Ј-CCTCAGTTCAATTCGGTTGC-3Ј.
Of the 12 colonies screened, one colony showed amplification products consistent with allelic replacement. The complemented strain (the cGGTA mutant) was constructed by inserting the ggtA gene, with its own transcriptional and translational signals, into plasmid pMV305p, an integrating vector that exploits the L5 mycobacteriophage integration system containing a kanamycin resistance marker (17) . The construct was then electroporated into the ggtA-deleted strain, and colonies were selected on 7H11 plates supplemented with both hygromycin (75 g/ml) and kanamycin (50 g/ml).
Southern blot analysis. Genomic DNA was prepared from wild-type H37Rv, the GGTA mutant strain, and the cosmid containing the pYUB854 vector and Nand C-terminal regions of the ggtA gene. One microgram of DNA was cut with AgeI, and the DNA fragments were separated on a 1% agarose gel and transferred onto a nylon membrane. The probe used was a 500-base-pair fragment of the hygromycin resistance cassette or a 200-base-pair region representing the cloned region of the ggtA gene. The primers used to make these probes are HygF (5Ј-CATAGACGTCGGTGAAGTCG-3Ј) and HygR (5Ј-GGCCCTACCTGG TGATGAG-3Ј) for the 500-bp hygromycin probe and DggtL (5Ј-CAACGGCTT TCTGGTCTCAC-3Ј) and DggtR (5Ј-CTCTCCCCGGTAGAACTCCT-3Ј) for the 200-bp internal ggtA probe. The probe (100 ng) was radiolabeled with 32 P using the HexaLabel DNA labeling kit (Fermentas Life Sciences) and was then used to probe the nylon membrane overnight. The blot was exposed to an autoradiography film and developed.
␥-Glutamyl transpeptidase enzyme assay. M. tuberculosis (H37Rv and the GGTA and cGGTA mutant strains) was grown to an OD of 1.0, and 1/10 of the volume of cells was added to the reaction buffer for a final A 600 of 0.1. The reaction buffer consisted of 20 mM glycine-glycine, 300 M L-␥-glutamyl-pnitroanilide, and 60 mM Tris (pH 8.0). Reactions proceeded at 37°C for 60 min, and the release of p-nitroanilide was monitored at A 405 .
Disk diffusion susceptibility assay. The Bauer-Kirby disk diffusion method was used to determine the susceptibility of H37Rv and the GGTA and cGGTA mutants to GSH and GSNO (4) . Thirty microliters of either 5 mM GSH or 5 mM GSNO was added daily to a 1/4Љ paper disk placed over a lawn of 10 6 bacteria spread over a 7H11 agar plate until a zone of inhibition was observed and measured.
Sensitivity assays. Mycobacterial strains (H37Rv and the GGTA and cG-GTA mutant strains) were grown to mid-log phase in 7H9 medium supple- 
VOL. 188, 2006 GLUTATHIONE METABOLIC MUTANT OF M. TUBERCULOSIS 1365
mented with ADC and Tween 80 and then diluted to an OD of approximately 0.1. The bacterial suspensions were treated with GSH or GSNO or left untreated. The OD was measured each day for 5 days. An aliquot was taken from every sample, diluted 100-fold, and plated on 7H11 agar for determination of the number of CFU. All experiments were performed three times in triplicate. Processing of M. tuberculosis for infection. All three strains of M. tuberculosis (H37Rv and the GGTA and cGGTA mutant strains) were grown in 7H9 medium containing ADC and Tween 80. Static cultures of mycobacteria at peak logarithmic phase of growth (between 0.5 and 0.8 at A 600 ) were used for infection of macrophages. The bacterial suspension was diluted to a 50-ml volume in phosphate-buffered saline (PBS; Sigma) and centrifuged at 3,000 rpm for 15 min at room temperature. The bacterial pellet was resuspended in RPMI medium containing 10% FBS. Bacterial clumps were disaggregated by vortexing five times with 3-mm sterile glass beads (Fisher Scientific). The duration of each cycle was approximately 2 min. The bacterial suspension was passed through a 5-m filter (Micron Separations, Inc.) to remove any further clumps. Processed mycobacteria were frozen in Ϫ80°C as aliquots and plated in parallel on 7H11 medium to determine the number of organisms in the stock. At the time of macrophage infection, frozen stocks of mycobacteria were thawed and used for infection.
Isolation of peritoneal macrophages from wild-type mice. Peritoneal macrophages were isolated from 8-week-old C57BL/6 mice (Taconic Laboratory). Five milliliters of sterile 3% thioglycolate (Sigma) solution was injected into the peritoneal cavities of the animals. Four days after injection, animals were sacrificed via cervical dislocation and ice-cold PBS was injected into the peritoneal cavity. The abdomens of the animals were gently massaged several times, and peritoneal lavage fluid was recovered.
Macrophage infection. J774.1 and mouse peritoneal macrophages were maintained in vitro, as described above. Macrophages (5 ϫ 10 5 /well) were infected separately with H37Rv and the GGTA and cGGTA mutants at an MOI of 10:1. Macrophages were incubated with mycobacteria for 2 h (to allow for phagocytosis), after which extracellular organisms were removed by washing with serum-free medium. Macrophages were stimulated for GSNO synthesis as follows. Infected macrophages were maintained in tissue culture medium with and without gamma interferon (IFN-␥) (100 U/ml) and lipopolysaccharide (LPS) (1 g/ml). IFN-␥ and LPS stimulation will result in NO production by macrophages and subsequent formation of GSNO. Infected J774.1 cells were terminated at 1 h and 72 h after infection and infected peritoneal macrophage cultures were terminated at 24 h and 5 days after infection to study the intracellular viabilities of H37Rv and the GGTA and cGGTA mutants. Intracellular viability of mycobacteria inside macrophages was determined by lysing the infected macrophages with sterile distilled water and plating the lysates on 7H11 medium enriched with ADC for mycobacterial colony numeration.
Statistical analysis. Data in the table are represented as means and standard errors. Statistical analysis of the data was carried out using the StatView program, and the statistical significance was determined using the unpaired t test. Differences were considered significant at a P value of Ͻ0.05 and were indicated by asterisks.
RESULTS
Construction and characterization of GGTA and cGGTA mutant strains. There are two open reading frames (ORF) in the M. tuberculosis genome that encode ␥-glutamyl transpeptidase. The ggtB ORF is 2 kb and is designated Rv2394. The ggtA ORF (900 bp; Rv0773c) has 40% identity to the ggt gene of Bacillus subtilis in a 516-amino-acid overlap. We have successfully interrupted the ggtA gene with a hygromycin resistance cassette via a mycobacteriophage delivery system (6). Figure 1A depicts two sets of primers, F1 and R1 and F2 and R2 (Materials and Methods), used to amplify the N and C termini, respectively, of the ggtA gene, including the flanking regions of the crossover event. These primers were designed to include, for either the N or C terminus, wild-type sequences outside of the cloned region and also sequences from the allelic exchange cosmid pYUB854, including a portion of the hygromycin resistance cassette. PCRs resulted in single distinct bands representing the 1.2-kb and 1.0-kb amplified regions as seen on a 1% agarose gel (data not shown). To confirm successful crossover events, Southern analysis was done (Fig. 1B) . Genomic DNA from wild-type H37Rv, the GGTA mutant, and the cosmid was digested with AgeI and probed with a 500-bp DNA fragment representing a fragment of the hygromycin cassette (Fig. 1B, left panel) . The probe hybridized once to both the fragment from the GGTA mutant DNA and the cosmid DNA but not to the wild-type H37Rv DNA. In addition, AgeI-digested DNA from wild-type H37Rv and the GGTA mutant was probed with a 200-base-pair fragment representing the internal cloned region of the ggtA gene (Fig. 1B,  right panel) ; this is the region deleted by the crossover event.
The probe hybridized to the DNA from wild-type H37Rv but not to the DNA from the mutant lacking the ggtA gene. These results indicate that the hygromycin resistance marker recombined successfully onto the chromosome to create the GGTA mutant strain.
To assess whether the interruption of the ggtA gene alone results in loss of enzyme activity, we employed a ␥-glutamyl transpeptidase enzyme assay (Fig. 2) (21) . Interruption of the ggtA gene resulted in almost complete loss of enzyme activity compared to that of wild-type H37Rv, while introduction of a wild-type copy of the ggtA gene into the mutant strain restored most of its activity. Since most of the enzyme activity was lost in the GGTA mutant, we did not mutate the second ORF, ggtB.
Sensitivity of M. tuberculosis H37Rv and the GGTA and cGGTA mutants to GSH and GSNO. We have reported that 5 mM GSH is bacteriostatic to Mycobacterium bovis BCG and to H37Rv but that 5 mM GSNO is bactericidal (14, 30) . In this study, we treated the GGTA and cGGTA mutant strains with 5 mM GSH and 5 mM GSNO and measured the strains' sensitivities to these compounds via OD during growth in liquid medium (Fig. 3A and B) , number of CFU (Fig. 3C and D) , and a disk diffusion assay (Fig. 4) . Figure 3A shows that the GGTA mutant of H37Rv is resistant to 5 mM GSH while the wild-type strain and the complemented mutant are sensitive after 5 days in liquid growth. Similarly, the GGTA mutant is resistant to 5 mM GSNO (Fig. 3B) . However, H37Rv and the cGGTA mutant not only exhibited sensitivity to GSNO but also were killed after 5 days. This is not surprising since NO released from GSNO leads to killing of the bacteria (14, 28) . Figures 3C and D show a similar trend where the number of CFU increased over 5 days when the GGTA mutant was exposed to 5 mM GSH and 5 mM GSNO, respectively, while there was no growth of H37Rv or the cGGTA mutant under the same treatment. Our third method of measuring sensitivity was by disk diffusion. Figure 4 shows that the GGTA mutant was resistant to both GSH and GSNO compared to the wildtype and complemented mutant strains.
Intracellular survival of the GGTA mutant in J774.1 murine macrophages. Mammalian cells contain levels of GSH in the range of 0.1 to 10 mM (15) . Having demonstrated the GSH/ GSNO-resistant phenotype of the GGTA mutant in vitro, we sought to examine the sensitivity to GSH/GSNO within macrophages. We looked at the survival of H37Rv and the GGTA and cGGTA mutants in J774.1 cells under conditions known to induce NO production. J774.1 macrophages were infected with M. tuberculosis strains and treated with IFN-␥ (100 U/ml) and LPS (1 g/ml). Treatment of murine macrophages with IFN-␥ alone does not bring about enhanced synthesis of inducible nitric oxide synthase and generation of NO. J774.1 cells require tumor necrosis factor as a second signal; the addition of LPS to macrophage cultures results in tumor necrosis factor production (9) . GSH within macrophages complexes with NO to form GSNO. Macrophage cultures were terminated at 1 h and 72 h after infection and treatment to analyze the growth of mycobacteria inside activated and nonactivated macrophages. At each time point, supernatants were collected, and macrophages were lysed with sterile distilled water. Both supernatants and macrophage lysates were plated on 7H11 medium with ADC to recover extracellular and intracellular bacteria, respectively. No significant levels of extracellular bacteria were detected in the macrophage supernatants. Figure 5 shows the results of these experiments. We observed a Ͼ3-fold increase in the number of CFU of wild-type H37Rv in unstimulated J774.1 macrophages between 1 h and 72 h, while stimulation with IFN-␥ and LPS resulted in inhibition of growth of the intracellular H37Rv (Fig. 5A) . In contrast, we observed significant growth of the GGTA mutant inside J774.1 macrophages in both stimulated and unstimulated macrophages (Fig. 5B) . Since the GGTA mutant cannot process GSNO, there is no inhibition of bacterial growth in stimulated macrophages. The complemented strain behaved like the wild-type strain and demonstrated significant growth in unstimulated J774.1 macrophages and inhibited growth inside macrophages stimulated with IFN-␥ and LPS (Fig. 5C) .
Intracellular survival of the GGTA mutant in primary mouse peritoneal macrophages. We further investigated the effects of GSH and GSNO in the macrophage killing of intracellular mycobacteria in the murine system by comparing the extents of survival of the GGTA mutant in primary macrophages derived from wild-type C57BL/6 mice. If GSH/GSNO is a primary species responsible for controlling mycobacterial growth in murine macrophages, we predict that the GGTA mutant should demonstrate a hypersurvival phenotype compared to wild-type H37Rv as seen in the J774.1 macrophages. It is evident from Table 1 that H37Rv and the cGGTA mutant show significant growth in unstimulated mouse peritoneal macrophages. However, when the macrophages were stimulated with IFN-␥ and LPS, we observed growth inhibition of H37Rv and the cGGTA mutant. As with the results seen in J774.1 macrophages, there is a statistically significant increase in colony counts of the GGTA mutant in both unstimulated and stimulated mouse peritoneal macrophages (Table 1) . These results indicate that the GGTA mutant is indeed resistant to the toxic effects of GSH and GSNO generated by the macrophages due to IFN-␥ and LPS stimulation.
DISCUSSION
Most of the glutathione present in cells is present in the cytosol in its reduced form, GSH. It has been shown in S. enterica serovar Typhimurium that GSNO is converted to a dipeptide by the products of the gene ggt (12) . Presumably, GSH is also broken down by the enzyme ␥-glutamyl transpeptidase. Among a collection of mutants of S. enterica serovar Typhimurium exhibiting resistance to GSNO were strains with mutations mapping to the ggt gene (12) . The ggt gene has been cloned and sequenced from Escherichia coli (27) , Pseudomonas aeruginosa (16) , Bacillus subtilis (31), and Helicobacter pylori (10). Interestingly, for H. pylori, the ggt gene was identified as a virulence factor essential for colonization in the mouse model (10) but only a contributing factor in colonization in the gnotobiotic piglet model (20) . Also, there have been no published reports of spontaneous ggt mutants in clinical isolates.
Our laboratory has constructed and characterized a dipeptide permease mutant of BCG resistant to GSH and GSNO (14) . The M. tuberculosis dipeptide permease is an ABC transporter encoded by the dpp operon containing Rv1280c to Rv1283c. Interruption of this operon in S. enterica serovar Typhimurium led to GSNO resistance (12) . In our present study, we compared the growths of the GGTA mutant and wildtype H37Rv in vitro and in isolated macrophages. As seen in Fig. 3A and B, H37Rv and the GGTA mutant grew similarly in broth cultures in the absence of GSH or GSNO. However, in the presence of GSH or GSNO, there was inhibition of growth of H37Rv (Fig. 3A to D) . In contrast to these results, the GGTA mutant showed resistance to both GSH and GSNO in broth culture over 5 days (Fig. 3A to D) . The mutant lacking the Ggt enzyme grew similarly in the absence and presence of these compounds. We propose that the resistance of the GGTA mutant to GSH and GSNO is due to its inability to metabolize the tripeptide into a dipeptide. Previous work in our laboratory has shown that the dipeptide permease mutant of BCG displayed the same degree of resistance to the tripeptide as that to the dipeptide; the dipeptide is toxic to the same extent as the tripeptide (14) . Lack of transpeptidase and dipeptide permease enzyme will result in resistance to GSH and GSNO (14) . In contrast to GSH, GSNO exhibited bactericidal effects. NO is stabilized when it is complexed with GSH. The subsequent transport of the dipeptide NO complex and release FIG. 3 . Growth of M. tuberculosis H37Rv and the GGTA and cGGTA mutants in the presence and absence of GSH (A) and GSNO (B). Each strain was grown to mid-log phase of growth in Middlebrook 7H9 medium with ADC and Tween 80 and then diluted to an OD of approximately 0.1. The bacteria cell suspension was treated with 5 mM GSH or 5 mM GSNO or left untreated. The OD was measured every day for 5 days. Each day, an aliquot was taken from every sample, diluted to 100-fold, and plated on 7H11 plates containing ADC to determine the numbers of CFU for GSH (C) and GSNO (D). All experiments were repeated three times in triplicate.
of NO lead to bacterial cell death. The phenotype of the GGTA mutant was further confirmed in the disk diffusion assay in which no zone of inhibition was present when a disk containing GSH or GSNO was placed on a lawn of GGTA mutant cells (Fig. 4) . A prominent zone of inhibition was seen when the disk containing GSH or GSNO was placed over a lawn of H37Rv or cGGTA mutant cells (Fig. 4) . Since the GGTA mutant lacks the GSH processing enzyme GgtA, the tripeptides GSH and GSNO are unable to enter the cytoplasmic space of the cell, and hence this strain is resistant to GSH and GSNO. The sensitivity of H37Rv and the cGGTA mutant is due to the presence of the ␥-glutamyl transpeptidase enzyme.
To examine the effect of diminished GgtA enzyme activity on the survival of M. tuberculosis in the macrophage, we compared the growths of wild-type H37Rv and the GGTA mutant in J774.1 macrophages and in peritoneal macrophages from wild-type C57BL/6 mice. As shown in Fig. 5A , H37Rv replicated efficiently in unstimulated J774.1 macrophages between 1 h and 72 h, and this increase was statistically significant. In contrast, when these macrophages were stimulated with IFN-␥ and LPS, there was no change in the number of CFU between 1 h and 72 h (Fig. 5A) . When unstimulated J774.1 macrophages were infected with the GGTA mutant, we observed a significant increase in the number of CFU over 72 h (Fig. 5B) . In contrast to H37Rv, the GGTA mutant replicated significantly in IFN-␥-and LPS-stimulated J774.1 macrophages (Fig.  5B) . When J774.1 macrophages are stimulated with IFN-␥ and LPS, there is production of NO and consequently GSNO. Although the differences in the numbers of CFU in this experiment may be statistically significant but with no compelling large effects, we performed further studies with primary mouse peritoneal macrophages.
More convincing results were seen when these strains of bacteria were used to infect unstimulated and IFN-␥-and LPS-stimulated mouse peritoneal macrophages. As seen in Table 1 , the number of H37Rv CFU increased significantly between 24 h and 5 days in unstimulated mouse primary mac- Table 1 ). The GGTA mutant replicated significantly inside both unstimulated and stimulated primary mouse macrophages, showing a trend similar to that in J774.1 cells (Table  1) . However, the GGTA mutant showed similar increases (nfold) in growth in both unstimulated and stimulated primary mouse macrophages. In all cases, studies with the complemented mutant, cGGTA, gave results similar to those for the wild-type H37Rv, confirming that the GSH/GSNO-resistant phenotype of the GGTA mutant is a result solely from loss of the ggtA gene. We have previously shown that IFN-␥ and LPS stimulation of macrophages (J774.1 and primary murine macrophages) results in increased NO production and GSNO generation (30) . IFN-␥ and LPS also stimulate macrophages to induce a respiratory burst and synthesis of ROI, leading to an increase in intracellular levels of GSH to protect the macrophages from the toxic effects of ROI (29, 30) . We observed that there was significant growth of the GGTA mutant strain in stimulated macrophages despite the production of NO and ROI. This phenotype is due to the loss of the GSH/GSNO processing enzyme in this strain.
The mechanism of GSH toxicity in mycobacteria is not yet known, although several hypotheses have been put forward (25) . One theory is that the presence of high concentrations of GSH may result in an imbalance in this bacterium containing an alternative thiol for regulating reduction/oxidation activity (i.e., mycothiol). Secondly, Spallholz has hypothesized that GSH is an evolutionary precursor of antibiotics produced by higher eukaryotes before the emergence of cellular immunity (26) : GSH is similar in structure to penicillin precursors produced by Penicillium and Cephalosporium. The mycobacterial cell wall may possess some intrinsic sensitivity to this structure.
In conclusion, we have begun to delineate the metabolic pathway of GSH and its derivative, GSNO, in M. tuberculosis in the context of mycobacterial infection and pathogenesis. The tripeptide is processed to a dipeptide by the action of GgtA, and the dipeptide is then transported into the mycobacterial cell by the dipeptide permease. We continue to a Thioglycolate (3%) was injected into the peritoneal cavities of wild-type C57BL/6 mice. Four days after injection, animals were sacrificed via cervical dislocation. Peritoneal cavities were washed with ice-cold PBS to recover peritoneal macrophages. Peritoneal macrophages were infected with H37Rv or the GGTA or cGGTA mutant at an MOI of 10:1. Two hours after infection, unphagocytosed organisms were removed. Infected macrophages were maintained in RPMI medium containing 10% fetal bovine serum or in RPMI medium containing 10% fetal bovine serum, IFN-␥ (100 U/ml), and LPS (1 g/ml). Intracellular colony counts were determined by plating macrophage lysates on Middlebrook 7H11 medium. Data are averages from three experiments. *, P Ͻ 0.05 by unpaired t test. study the interaction of M. tuberculosis with the macrophage to determine the role of GSH and GSNO in innate immune regulation.
